Lipoprotein lipase (LPL) has a central role in lipoprotein metabolism to maintain normal lipoprotein levels in blood and, through tissue specific regulation of its activity, to determine when and in what tissues triglycerides are unloaded. Recent data indicate that angiopoietin-like protein (Angptl)-4 inhibits LPL and retards lipoprotein catabolism. We demonstrate here that the N-terminal coiledcoil domain of Angptl-4 binds transiently to LPL and that the interaction results in conversion of the enzyme from catalytically active dimers to inactive, but still folded, monomers with decreased affinity for heparin. Inactivation occurred with less than equimolar ratios of Angptl-4 to LPL, was strongly temperaturedependent, and did not consume the Angptl-4. Furthermore, we show that Angptl-4 mRNA in rat adipose tissue turns over rapidly and that changes in the Angptl-4 mRNA abundance are inversely correlated to LPL activity, both during the fed-to-fasted and fastedto-fed transitions. We conclude that Angptl-4 is a fasting-induced controller of LPL in adipose tissue, acting extracellularly on the native conformation in an unusual fashion, like an unfolding molecular chaperone.
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chaperone ͉ heparin affinity ͉ protein folding ͉ surface plasmon resonance L ipoprotein lipase (LPL) is responsible for hydrolysis of triglycerides in plasma lipoproteins, a process generating fatty acids for storage or energy production (for reviews, see refs. [1] [2] [3] . LPL activity is regulated in a tissue-specific manner according to metabolic demands, important not only for maintaining correct levels of lipoproteins in blood but also for balancing their catabolism so that the right amount of fatty acids is delivered to the right tissue at the right time. LPL is synthesized in many cell types, but mainly in adipocytes and myocytes. The enzyme is secreted and transported to the lumenal surface of blood vessels, where it is anchored by heparan sulfate (HS) proteoglycans. The active form of the enzyme is a noncovalent dimer, composed of two identical subunits (4) . Earlier studies indicate that modulation of adipose tissue LPL by the nutritional state is mainly posttranslational (5, 6) , with no significant changes in LPL protein mass (7) . The mechanism appears to involve changes in the proportion of active to inactive enzyme molecules (7) (8) (9) .
The angiopoietin-like (Angptl) protein family currently has six members (10, 11) . They share a structural motif with the angiopoietins, with an N-terminal coiled-coil domain and a C-terminal fibrinogen-like domain, but the Angptls do not bind to Tie receptors. The Angptls are usually oligomeric, and they can be cleaved in vivo to release the two domains (12, 13) . Both full-length and cleaved forms are present in plasma (12) . At least three of the Angptls have pronounced effects on energy metabolism (10) . Of these, Angptl-3 and -4 have been shown to inhibit LPL activity and increase plasma triglycerides (11) . These effects are linked to the N-terminal coiled-coil domain (12) . Knockout of the gene for either Angptl-3 or -4 in mice leads to activation of the LPL system, as evidenced by increased levels of LPL in plasma after heparin is administered and decreased levels of triglycerides in plasma (14) . Overexpression of either Angptl leads to decreased LPL activity and increased plasma triglycerides (14) . Tissue-specific overexpression of Angptl-4 in the heart leads to decreased LPL activity and impaired utilization of lipoprotein triglycerides in the heart (15) . Inhibition of LPL has been demonstrated in vitro with both Angptl-3 (16) and .
Down-regulation of LPL activity in adipose tissue during fasting requires transcription of a gene separate from the lipase gene (17) . Angptl-4 is expressed in adipose tissue, and the expression increases during fasting (18) , making Angptl-4 a prime candidate for control of LPL. We have therefore studied the interaction of the coiled-coil domain of Angptl-4 with LPL and find that the inhibition occurs by an unusual mechanism in which the Angptl-4 catalyzes a conformational switch in the LPL molecule from active dimers to catalytically inactive monomers. We have explored whether the changes in Angptl-4 expression occur on the same time scale as the previously known rapid changes of LPL activity on feeding-fasting transitions, and this turned out to be the case.
Results
Expression, Purification, and Characterization of ccd-Angptl-4. A schematic view of Angptl-4 and of the plasmid containing the coding sequence for the coiled-coil domain of murine Angptl-4 (pIRES-ccd-Angptl-4, amino acids 1-187) is shown in Fig. 1 . This plasmid, as well as the empty pIRES-hrGFPII vector, was transiently transfected into 293T cells. Preliminary experiments, shown in Fig. 8 a-c, which is published as supporting information on the PNAS web site, demonstrated that conditioned medium containing ccd-Angptl-4 inhibited LPL from two different sources (bovine milk and murine 3T3-L1 cells) and that the inhibition was not due to proteolytic cleavage of the lipase protein.
ccd-Angptl-4 was purified as described in Supporting Materials and Methods, which is published as supporting information on the PNAS web site. The purified protein gave a single band on SDS͞PAGE under reducing conditions (Fig. 9a , which is published as supporting information on the PNAS web site). Western blotting with anti-FLAG antibodies of reduced and nonreduced samples showed that the preparation contained a mixture of monomers, disulfide-linked trimers, and higher oligomers (Fig. 9b . Other studies (see below) showed that ccd-Angptl-4 bound to heparin-Sepharose and was eluted at Ϸ0.4 M NaCl. This property was used for concentration of ccd-Angptl-4 from the expression media. Incubation of LPL with purified ccd-Angptl-4 at a weight ratio of 1:13 caused a temperature-dependent loss of catalytic activity (Fig. 2a) . After 1 hour at 37°C, the LPL activity was almost completely lost. At 25°C, Ϸ20% of the activity remained, whereas, at 0°C, there was only a small reduction of activity. At 37°C, there was significant loss of LPL activity also in samples without ccd-Angptl-4, whereas, at or below 25°C, most of the activity remained. To estimate the affinity and the stoichiometry of the reaction, LPL was incubated without and with three different concentrations of ccd-Angptl-4 (0.2, 1.0, and 5.0 g͞ ml), corresponding to molar ratios of 2.6, 13, and 64 of ccdAngptl-4 monomers to LPL dimers (Fig. 2b) . The loss of activity was more rapid with higher concentrations of ccd-Angptl-4, but the effect was substantial already at the lowest concentration. Because our preparation contained a mixture of monomers, trimers, and higher oligomers of ccd-Angptl-4, the molar concentrations calculated from the monomer molecular weight are overestimations. Our experiments therefore demonstrate that significant inactivation occurred at less than equimolar ratios of ccd-Angptl-4 species to LPL dimers and indicate high affinity between ccd-Angptl-4 and LPL.
In the next experiment, we studied the inactivation of LPL in real time. For this experiment, we used the nearly soluble substrate triacetin in 0.15 M NaCl, with no other additions. The released acetic acid was titrated with NaOH by using a pH-stat. The reaction rate decreased with time, demonstrating that LPL was not fully stable under these conditions even without ccdAngptl-4 (Fig. 2c) . ccd-Angptl-4 at a very low concentration (molar ratio of ccd-Angptl-4, calculated from the monomer molecular mass, to LPL dimers was Ϸ1:1) increased the bend of the titration curve, indicating that the loss of LPL activity was accelerated. This acceleration was even more pronounced at higher molar ratios of ccd-Angptl-4 to LPL, demonstrating a similar concentration dependency as in Fig. 2b (data not shown). The experiments showed that the inactivation of LPL by ccdAngptl-4 started immediately and did not depend on other factors, for instance serum, apolipoprotein CII, or heparin, which are normally present in assays for LPL. To investigate whether ccd-Angptl-4 was consumed, a second addition of an equal amount of active LPL was made to the reaction when most of the initial LPL activity was gone (Fig. 2c) . The shape of the curve was similar to that after the first addition of LPL, indicating that ccd-Angptl-4 had a catalytic effect on the inactivation process. The same result was obtained after a third addition of active enzyme (Fig. 2c) . Heparin had effects on the inactivation, but not even a 100-fold molar excess of heparin over LPL could fully prevent the inactivation at any of the concentrations of ccd-Angptl-4 used (Fig. 2d) .
Influence of ccd-Angptl-4 on Heparin Affinity and Dimer Structure of LPL. To investigate whether exposure to ccd-Angptl-4 caused a change in the heparin affinity of LPL, we incubated 125 I-labeled, active LPL with ccd-Angptl-4 to almost complete inactivation (8.5% of the LPL activity remained at the end of the incubation). When this sample was separated on a heparin-Sepharose column, most of the LPL protein eluted in the position characteristic for LPL monomers, at 0.6 M NaCl (Fig. 3a) . Some LPL eluted even earlier in the gradient and probably represented aggregates of inactive LPL monomers. Incubation of LPL without ccd-Angptl-4 under the same conditions did not result in loss of activity, and most of the LPL protein eluted in the position characteristic for active dimers. (Fig. 3a) . ccd-Angptl-4 eluted early in the gradient, at Ϸ0.4 M NaCl (see legend, Fig. 3a ). To more directly investigate the monomer͞dimer or higher oligomer status of LPL after inactivation, we used sucrose-density gradient ultracentrifugation. The sedimentation pattern for LPL, which had been almost fully inactivated by incubation with ccd-Angptl-4, was compared with the patterns for LPL incubated without ccd-Angptl-4 and the pattern for a reference mixture of active, dimeric LPL and inactive LPL monomers (Fig. 3b) . The sample without the inhibitor sedimented, as expected, as LPL dimers. In contrast, Ϸ80% of the ccd-Angptl-4-inactivated LPL protein sedimented in a symmetrical peak corresponding to Samples from the mixtures were analyzed for remaining LPL activity at the indicated times. (c) Inactivation was studied in real time by following hydrolysis of triacetin (in 0.15 M NaCl, pH 7.4) by LPL (6 g͞ml). The released acetic acid was titrated with NaOH by using a pH-stat. The spontaneous hydrolysis of triacetin (without addition of LPL) was subtracted. Upper curves show LPL without ccd-Angptl-4; lower curves show LPL in the presence of ccd-Angptl-4. The molar ratio of ccd-Angptl-4 (calculated from the monomer molecular mass) to LPL dimers was Ϸ1:1 for the first recording (1st). After LPL had been fully inactivated, a second addition of the same amount of active LPL was added to the reactions (2nd), and the progress of hydrolysis was again followed with time. A third (3rd) addition of LPL was made to the reaction vessel with ccd-Angptl-4. LPL monomers. The rest of the LPL protein was lost, probably because of aggregation and sedimentation to the bottom of the tube (Fig. 3b) . Analyses of ccd-Angptl-4 in the fractions, by SDS͞PAGE and Western blots, showed that most of the ccdAngptl-4 protein sedimented in a position between dimeric and monomeric LPL (Fig. 3b) , corresponding to an approximate molecular mass of 70 kDa, presumably trimers. These results indicated that ccd-Angptl-4 did not remain bound to LPL after inactivation.
Conformational Changes in LPL upon Inactivation with ccd-Angptl-4
Detected by Limited Proteolysis. We used limited proteolysis with trypsin to compare the extent of conformational changes in LPL monomers induced by ccd-Angptl-4 to those found on dissociation of LPL to monomers by other methods (treatment with guanidinium chloride or elevated temperature). Active LPL is cleaved in the middle by trypsin, generating fragments of Ϸ30 kDa (19) . The experiment in Fig. 3c demonstrated that the cleavage pattern of LPL, inactivated by ccd-Angptl-4 and isolated by heparin-Sepharose chromatography (lane 2), was similar to that for LPL monomers produced by thermal dissociation (lane 3), with a major band at Ϸ20 kDa. Remaining active LPL, eluting at higher salt concentration from the column (lanes 4 and 5), was cleaved in the middle like the starting material (lane 1).
Direct Studies of the Interaction Using Surface Plasmon Resonance.
For this experiment, biotinylated LPL was immobilized to streptavidin-derivatized sensor chips, and ccd-Angptl-4 was injected into the flow cells (Fig. 4) . There was avid binding of ccd-Angptl-4 to active LPL, as indicated by the rapid rise of response with time. When the flow was changed to buffer only, the bound ccd-Angptl-4 dissociated, as demonstrated by the decrease in response. A second injection of ccd-Angptl-4 over the same flow cells resulted in lower binding of ccd-Angptl-4 to the sensor chip than on the first injection, indicating that the material on the chip now had lower affinity for ccd-Angptl-4. Binding of ccd-Angptl-4 to chips with LPL monomers was only slightly higher than background binding (to empty streptavidinderivatized chips) and was not much changed on the second injection (Fig. 4) . These observations suggest that the first injection of ccd-Angptl-4 had induced changes in some of the LPL dimers, and, therefore, there was less binding of ccdAngptl-4 to the sensor chip on the second injection. Experiments were also performed in the presence of BSA (2 mg͞ml) in the running buffer, at 25°C and 4°C. BSA reduced the nonspecific binding, but, at both temperatures, binding to immobilized dimeric LPL was similar to that in Fig. 4 . Interestingly, at 4°C, binding was similar on the second injection of ccd-Angptl-4, indicating that, at low temperature, binding did not cause immediate monomerization (data not shown).
Effects of ccd-Angptl-4 on LPL Bound to Heparin͞HS. It is currently assumed that LPL carries out its physiological function while bound to oligosaccharide chains of endothelial HS proteoglycans (1, 3). We therefore questioned whether ccd-Angptl-4 could interact with LPL bound to heparin͞HS and, if so, whether the interaction would lead to restructuring of the lipase. For this experiment, ccd-Angptl-4 was injected over flow cells containing dimeric LPL bound to immobilized HS. Binding of ccd-Angptl-4 to the dimeric LPL should result in an increase of the response. In contrast, a decrease in response was observed (Fig. 5a ). This a) were incubated for 15 min with trypsin and were then analyzed by SDS͞PAGE under reducing conditions. The bands were detected by imaging. Lane 1 is a reference sample of active dimeric LPL treated with trypsin. Lane 2 is the peak of inactive LPL (first peak in a) treated with trypsin. Lane 4 is the peak of active dimeric LPL (second peak in a) treated with trypsin. Lanes 3 and 5 are analogous to lanes 2 and 4, but, in this case, LPL was partially inactivated by thermal treatment before separation on heparin-Sepharose and trypsin treatment. Fig. 4 . ccd-Angptl-4 bound with high affinity to dimeric, but less to monomeric, LPL as determined by surface plasmon resonance. Biotinylated dimeric and monomeric LPL were bound to streptavidin-coated sensor chips to a level of 5,100 response units (RU) and 5,300 RU, respectively. ccd-Angptl-4 (13.8 g͞ml) was injected over these two flow cells and over a flow cell that contained only streptavidin (1st injection). At the indicated time (arrow) the flow was changed to buffer without ccd-Angptl-4 to study dissociation of the ligand. Then a second injection of the same ccd-Angptl-4 solution was made (2nd injection). The buffer contained 20 mM Hepes and 0.15 M NaCl and the temperature was 25°C.
finding suggests that ccd-Angptl-4 caused dissociation of LPL from the immobilized HS. The effect was probably larger than can be seen from the response, because the results from a parallel flow cell with HS in the absence of LPL showed, as expected, that ccd-Angptl-4 itself bound to HS.
In the next experiment, 125 I-labeled LPL was allowed to bind to heparin-Sepharose beads, which were then incubated for 1 h with conditioned media from 293T cells transfected with pIRESccd-Angptl-4 or empty pIRES-hrGFPII vector. The beads were then rinsed and successively eluted with buffers containing 0.4 and 1.0 M NaCl, respectively. After exposure of the heparinbound LPL to the medium containing ccd-Angptl-4, more of the lipase was eluted at the lower salt concentration and less at the higher salt concentration (Fig. 5b) , indicating that the heparin affinity had been reduced for part of the heparin-bound LPL. Together with data from the surface plasmon resonance experiments described above, these results indicate that ccd-Angptl-4 was also able to dissociate LPL to monomers when the enzyme was bound to HS or to heparin.
Effects of ccd-Angptl-4 on LPL Bound to Cells. We studied the effect of purified ccd-Angptl-4 on LPL bound to cells. For this experiment, 125 I-labeled LPL was bound to 3T3-L1 preadipocytes at 25°C to reduce internalization. Because the cells were still preadipocytes, their endogenous production of active LPL was low compared with the exogenous LPL added (Fig. 5c, black  bars) . Incubation of the cells with medium containing ccdAngptl-4 at 25°C caused a dramatic decline in LPL activity (Fig.  5c ) both in the medium and in the cell-bound (heparinreleasable) fraction. In contrast, the level of LPL protein in the medium was higher with cells treated with ccd-Angptl-4 than with control cells (Fig. 5d) . These results showed that ccdAngptl-4 acted on the active, HS-bound pool of LPL, causing inactivation and, most likely, monomerization of the enzyme. There was a significant decrease of cell-associated radioactivity in the heparin-releasable fraction and an increase in the heparinresistant fraction (Fig. 5d) . Analysis of trypsin-sensitivity of the heparin-resistant fractions revealed that more radioactivity was released from cells incubated with ccd-Angptl-4 compared with control cells. This indicated that the main part of the inactivated LPL remained on the cell surface and was not internalized.
Correlations Between Changes in Angptl-4 mRNA and LPL Activity in
Rat Adipose Tissue. Finally, to explore whether Angptl-4 mRNA levels in adipose tissue can change rapidly enough to account for the known rapid modulation of LPL activity in adipose tissue (2, 17) , two in vivo experiments were carried out. In one experiment (Fig. 6 a-c) , food was removed from fed rats. In the other experiment ( Fig. 6 d-f ), food was returned to fasted rats. In both cases, the time was 6 h. We included groups of rats that were given actinomycin D to block transcription, resulting in a reduction of the Angptl-4 mRNA abundance in epididymal adipose tissue by Ͼ65% in fed (Fig. 6a) and Ͼ85% in fasted rats (Fig. 6d) , indicating that the turnover time for this mRNA was rapid. LPL activity in tissue homogenates increased after actinomycin injection (75% in fed and Ϸ300% in fasted rats). LPL mRNA abundance (Fig. 6 b and e) did not change significantly, in accord with earlier observations that this mRNA turns over relatively slowly (17) . These results show that, when the block of transcription caused Angptl-4 mRNA to decrease, LPL activity increased.
The nutritional transitions also caused rapid changes of Angptl-4 mRNA abundance, which increased by Ϸ80% in the fed-to-fasted transition (Fig. 6a) and decreased by Ϸ75% in the fasted-to-fed transition (Fig. 6d) . LPL mRNA abundance (Fig.  6 b and e) did not change significantly, whereas LPL activity changed in the expected directions. The activity decreased in the fed-to-fasted transition, although this decrease did not reach statistical significance, presumably because of the short time for food withdrawal (6 h). LPL activity increased by Ͼ200% in the fasted-to-fed transition.
These results are in concert with the hypothesis that Angptl-4 suppresses LPL activity by a conformational switch mechanism and that changes in the expression of Angptl-4 modulate adipose tissue LPL activity in response to changes in nutritional state. To further explore this hypothesis, we plotted the LPL activity against the Angptl-4 mRNA abundance for all individual rats in the experiments (Fig. 6g ). There was a highly significant (P Ͻ 0.0001), inverse (r ϭ Ϫ0.88) correlation of log LPL activity to Angptl-4 mRNA over the entire span of data, irrespective of whether they came from feeding-fasting transitions or from blockade of transcription.
Discussion
We demonstrate here that the N-terminal coiled-coil domain of Angptl-4 binds to LPL and converts the catalytically active, dimeric form of the enzyme to catalytically inactive monomers. It is known from many studies that LPL is unstable (4) . Folding of LPL to the active form during biosynthesis requires support from molecular chaperones, such as calnexin and calreticulin, in the endoplasmatic reticulum (20) . Recent studies have shown that there is rapid exchange of subunits between LPL dimers (21) and that the intermediate monomer is metastable under in vivo conditions. Our data suggest that Angptl-4 catalyzes a conformational switch from active to inactive LPL. More research is needed to understand this complex system, but it appears that active LPL is a spring-loaded molecule and that Angptls can unleash the spring to control the activity of the enzyme in extracellular locations.
The affinity of Angptl-4 for active LPL is relatively high because binding was already observed at low concentrations of ccd-Angptl-4. Studies in real time, using a soluble substrate, showed that nearly equimolar amounts of ccd-Angptl-4 caused an immediate increase of the inactivation rate for LPL. Separation of active and inactive forms of LPL by chromatography on heparin-Sepharose and by sucrose-density gradient ultracentrifugation demonstrated that the loss of activity involved formation of LPL monomers. These monomers behaved similarly to monomers produced by other methods, such as thermal inactivation or exposure to dissociating agents like urea or guanidinium chloride (21) . This behavior included loss of catalytic activity, reduced affinity for heparin, and a similar cleavage pattern upon limited proteolysis with trypsin. Some conformational changes occur upon monomerization (4, 21) , but the monomers are still folded, representing a relatively stable form of LPL that is slightly more flexible and exposes more hydrophobic areas compared with the dimeric form (21) . The data from surface plasmon resonance and sucrose gradients indicate that ccdAngptl-4 did not remain bound to the inactive LPL monomer. On direct comparison of binding by surface plasmon resonance the monomers displayed much lower affinity for ccd-Angptl-4 than did the active LPL dimers. Upon repeated additions of active LPL to an equimolar amount of ccd-Angptl-4 (calculated on the basis of the monomer molecular mass, an overestimation), inactivation of the enzyme occurred as efficiently in the second and third round as in the first. Our data therefore support a model where ccd-Angptl-4 has a catalytic effect, promoting inactivation of LPL, but without being itself firmly bound to LPL or consumed during the process. At 4°C, binding still occurred, but monomerization was slower. Fig. 7 is a schematic overview of the possible pathways of the inactivation. We cannot determine whether Angptl-4 binds to the LPL dimers as such or to the active monomers that are intermediates in the subunit exchange between LPL dimers (21), because these intermediates cannot be isolated. An important feature of the interaction is, however, that ccd-Angptl-4 does not remain bound to LPL, but is free to inhibit new molecules of the enzyme. Hence, the action of Angptl-4 in the system is that of a catalyst.
It is clear from the experiments with LPL bound to cells, heparin-Sepharose beads, and surface plasmon resonance sensor chips covered with heparin, that Angptl-4 can inactivate LPL when the enzyme is bound to heparin͞HS. An interesting observation was that ccd-Angptl-4 itself bound to heparin. A heparin-binding consensus sequence had been reported in Angptl-3 (12) , but this sequence is absent in Angptl-4 (13). Considering LPL bound to HS proteoglycans on the surface of endothelial cells, the heparin affinity of Angptl-4 could localize the inhibitor to the neighborhood of LPL. It is not known how Angptl-4 is distributed within the adipose tissue or what the -c) The fed-to-fasted transition. For this experiment, food was removed from two groups of rats in the morning. The rats in one of these groups were given an i.p. injection of Actinomycin D (2 mg͞kg of body weight). The rats were killed 6 h later. (d-f ) The same parameters for the fasted-to-fed transition. For this experiment, food was removed from the rats at 4 p.m. the day before the experiment. The next morning, food was returned to two groups of rats. The rats in one of these groups were given an i.p. injection of Actinomycin D. The rats were killed 6 h later. There were three to six rats in each group. Data for LPL activity are shown as mean Ϯ SEM. Data for expression of Angptl-4 and LPL mRNA are shown as mean Ϯ SD. (g) The relation between Angptl-4 mRNA abundance and LPL activity for all individual rats. Note that the y axis is logarithmic. Correlation analysis for the log of LPL activity vs. Angptl mRNA abundance returned P Ͻ 0.0001, Pearson r ϭ Ϫ0.88. (21, 23) . It is possible that Angptl-4 interacts preferentially with this intermediate state and thereby drives LPL from the active dimer to inactive monomers. It is also possible that Angptl-4 interacts with the active LPL dimers and promotes their dissociation to inactive monomers or dissociation to the active intermediates, which, in turn, refold to inactive monomers. The schematic representation of the LPL subunit is based on the model generated by van Tilbeurgh et al. (24) .
